show that even a very low mutation rate at these loci fails to explain the anomalous patterns of polymorphism and divergence. Our data support two related selective constraints on the evolution of exonic dinucleotides: a short-term intolerance for any change to repeat length and a long-term prevention of increases to repeat length. In general, our results implicate purifying selection as the force that eliminates new, deleterious mutants at exonic dinucleotides. We briefly discuss the evolution of the longest exonic dinucleotide in the human genome-a 10 x CA repeat in fibroblast growth factor receptor-like 1 (FGFRL1)-that should possess a considerably greater mutation rate than any other exonic dinucleotide and therefore generate a large number of deleterious variants.
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Exonic dinucleotide microsatellites are hazardous genetic variants (Li et al. 2004) . The large majority of mutations at dinucleotide repeats yields mutant alleles that differ from parent alleles by two or four base pairs (Sun et al. 2012) . In exons, mutations of this size result in frameshifts that will frequently disrupt protein function. Moreover, dinucleotide mutation is not rare; the estimated rate of dinucleotide mutation in humans (10 −6 − 10 −4 ; Sun et al. 2012; Baptiste et al. 2013 ) is orders of magnitude greater than that of point mutation (10 −8 ; Lynch 2010; Roach et al. 2010 ). Together, high potential for deleterious mutation and high mutation rate accord exonic dinucleotides with a dangerous volatility. Importantly, the mutational hazard presented by exonic dinucleotides should increase with repeat length, as microsatellite length is a primary, positive determinant of microsatellite mutation rate (Pemberton et al. 2009; Payseur et al. 2011; Sun et al. 2012; Ananda et al. 2013; Baptiste et al. 2013 ).
These facts suggest the existence of two related selective constraints at exonic dinucleotides. First, at any given point in the evolutionary history of a species, exonic dinucleotides should be constrained to maintain current repeat length due to the deleterious nature of most mutations at these loci. Second, over long periods of evolutionary history, there should be a tendency to maintain exonic dinucleotides at short repeat lengths, which keeps mutation rate low and thereby reduces genetic load in populations. Although several studies have examined the frequency and polymorphism of dinucleotides in untranslated regions, introns, and exons (e.g., Pemberton et al. 2009; Payseur et al. 2011; Baptiste et al. 2013) , the nature of selective constraints on exonic dinucleotides remains poorly documented and poorly understood. Here, we demonstrate that patterns of polymorphism and divergence at exonic dinucleotides provide compelling support for both hypothesized selective constraints. Dinucleotides appear to gain mutational instability at repeat lengths geater than or equal to five (Kelkar et al. 2010; Ananda et al. 2013) . Scanning the human reference genome sequence (assembly GRCh37; RefSeq gene annotations) with the tandem repeat finder SciRoKo (Kofler et al. 2007 ), we found several hundred perfect exonic dinucleotides of repeat length geater than or equal to five (here, perfect refers to the uninterrupted nature of the repeat; e.g., CACACACA is perfect, whereas CACACTCA contains one imperfection). However, we only found 18 perfect dinucleotides of repeat length geater than or equal to seven that also fully overlapped exonic sequence (Table 1) despite the presence of at least 105,584 perfect dinucleotides of this size across the entire human genome (Payseur et al. 2011) . Assuming 1% of the human genome is exonic (Ng et al. 2009 ), we expect 1056 of these dinucleotide microsatellites to fully overlap exons by chance. The observed number of 18 is therefore highly unlikely (χ 2 -test, P < 10 −15 ), supporting the idea that purifying selection prevents long alleles of exonic dinucleotides from accumulating in populations, and, ultimately, species over time. The size distribution of these 18 dinucelotides further supports the hypothesis that long dinucleotides are not tolerated in exons. Although Payseur et al. (2011) (Chatterjee et al. 2009 ), an independent search for long exonic dinucleotides in chimpanzee identified the same set as that found in human with two exceptions: (1) the dinucleotide in LUC7L2 was missing, as it is imperfect in chimpanzee, and (2) two copies of the BRD7 dinucleotide due to an apparent duplication of this gene in chimpanzee. Thus, despite millions of years of independent evolution, neither human nor chimpanzee has produced a long, exonic dinucleotide not found in their common ancestor.
To test the hypothesis that exonic dinucleotides are constrained to current repeat length, we genotyped 18 long, exonic dinucleotides as well as several reference dinucleotides in 200 humans (400 chromosomes for each autosomal locus) from the 1000 Genomes project (1000 Genomes Project Consortium 2010). Eight worldwide populations were sampled: Yoruba (Nigeria, YRI; n = 25), Luhya (Kenya, LWK; n = 25), northwestern Europe (CEU; n = 25), Toscani (Italy, TSI; n = 25), Finnish (FIN; n = 31), Gujarati Indian (GIH; n = 26), Han Chinese (CHB; n = 27), and Mexican (MXL, n = 16). Genotyping was conducted by Prevention Genetics (Marshfield, WI). Although high-coverage exome data are available from the 1000 Genomes Project and new methods to call microsatellite alleles from next-generation sequencing reads have been developed (e.g., Gymrek et al. 2012) , it can be difficult to call microsatellite alleles with great certainty when using next-generation sequencing data. Therefore, we opted to obtain direct genotypes. Of the 18 exonic dinucleotides in our sample, 17 were monomorphic (observed heterozygosity, H = 0; Table 1 ). The only polymorphic microsatellite was an AG repeat in CCAR1. At this locus, two individuals-one each from the African populations of Yoruba (Nigeria) and Luhya (Kenya)-were heterozygous for the common AG 7 allele and a rare AG 6 allele. Subsequently, Sanger sequencing confirmed the heterozygosity of these two individuals.
The nearly complete absence of polymorphism at these loci suggests selection effectively eliminates size mutants from worldwide human populations. We also genotyped a number of reference dinucleotides of similar length in untranslated regions, intergenic sequence, and the exons of unannotated open reading frames. Loci in these nonexonic genomic contexts showed considerably greater polymorphism in the same human sample (Table  1 ). This result suggests that nonexonic dinucleotides are more free to experience size evolution within populations.
We used patterns of sequence divergence between humans and other primate species to test the hypothesis that there is a long-term selective constraint against the expansion of the 18 dinucleotides in question. These data are useful because they integrate a longer period of time and represent multiple independent instances of the evolution of the anomalous dinucleotides identified in humans. To assess divergence at the dinucleotides we genotyped in human populations, we used the Multiz Alignment and Conservation track of the UCSC Genome Browser (Meyer et al. 2013 ) to find the repeat number of each orthologous microsatellite in Pan troglodytes (chimpanzee), Gorilla gorilla, Pongo pygmaeus (orangutan), Macaca mulatta (rhesus macaque), Papio hamadryas (baboon), and Callithrix jacchus (marmoset). Remarkably, for most of the 18 long exonic dinucleotides identified in human, the most parsimonious interpretation of divergence data is that the human allele was already present in the common ancestor to all primates. All sampled primates bear the same repeat length as that observed in the human reference sequence at 15 of 18 loci. Of the remaining loci, the dinucleotides in CCDC30 and BRD7 show size conservation in the Catarrhini and Hominidae, respectively. The AG repeat in HMGXB4 shows the least parsimonious pattern of divergence, with repeat lengths of seven and eight observed in the paraphyletic groups of human, chimpanzee, gorilla, and marmoset; and orangutan, macaque, and baboon, respectively. Because these 18 microsatellites have long repeat lengths, and, therefore, appreciable mutation rates, it is reasonable to assume that a very large number of mutants for these loci have appeared in individuals across the primate phylogeny. Particularly when compared to levels of divergence at nonexonic dinucleotides (Table 1) , the virtual absence of divergence suggests that strong and consistent purifying selection has eliminated all emergent mutations and maintained the repeat length found in the primate MRCA.
To obtain a more quantitative assessment of the support for a long-term selective constraint against the expansion of exonic dinucleotides, we next compared the pattern of divergence at the 18 loci identified in human to patterns of divergence at a genomicscale set of dinucleotides. For each autosomal dinucleotide with perfect repeat length greater than or equal to seven in the human reference sequence, we recorded the repeat length of the orthologous locus in each of the non-human primate species listed above. When calculating empirical probabilities, we only included loci where alignment data were available for all seven primate species (n = 27,360).
The >40 million year depth of the primate phylogeny provides ample branch length for the size evolution of neutral microsatellites. In fact, microsatellites are frequently absent from a subset of species in the primate phylogeny due to microsatellite "death" that results from the loss of mutability due to reduction in size along one or more lineages (Kelkar et al. 2011; Sawaya et al. 2012) . Thus, the temporal depth of the primate phylogeny suggests that the observed data-18 loci where human repeat length is greater than or equal to seven and all non-human primate species have repeat length greater than or equal to six-should be highly unusual. We find that 5579 (20.4%) of 27,360 autosomal dinucleotides with repeat length greater than or equal to seven in human also have repeat lengths greater than or equal to six in all sampled primates. Thus, the observed data in which 18 of 18 loci meet these conditions are highly unlikely under a null model of neutral evolution, which posits that these 18 loci are simply a random sample of independent dinucleotides (P = 0.204 18 = 3 × 10 −13 ).
We can also gauge support for the selective constraint against long-term expansion of exonic dinucleotides using variance in repeat length as a measure of divergence. Across the 400 human and six other primate chromosomes, 15 of 18 loci have a variance of 0, two have a variance of 0.286 (BRD7 and HMGXB4), and one (CCDC30) has a variance of 0.571 (Table 1) . We find that 241 (0.88%), 611 (2.2%), and 1124 (4.11%) of 27,360 genomic dinucleotides, respectively, possess these levels of divergence or less. The joint probability of the 18 observed values of divergence under the null, neutral model is then only P = 0.0088 15 × 0.022 2 × 0.411 = 3 × 10 −36 .
An alternative explanation for the lack of variation at the 18 exonic dinucleotides is that due to an unknown molecular cause these loci possess unexpectedly low mutation rates relative to other dinculeotides of similar length. We used coalescent simulations of neutral microsatellite evolution (Hudson 2002; Haasl and Payseur 2010) on the primate phylogeny to determine how mutation rate (in the absence of natural selection) affects the probability of our observation: a dinucleotide locus that is monomorphic for repeat length greater than or equal to seven in a sample of 400 human chromosomes and one chromosome each for the primates listed above. This approach was particularly attractive because it allowed us to simultaneously compare the observed divergence and polymorphism data to simulations that produced both types of data as output.
Because the positive relationship between repeat length and mutability is an important factor in our argument that the length of the 18 loci discussed here makes them anomalous, we used a model of mutation in which mutation rate depends on the current repeat length of the microsatellite ( Fig. 1; Haasl and Payseur 2013) . In addition, we allowed 5% of mutations to induce size changes of greater than one repeat (following a geometric distribution with parameter p = 0.95) and modelled contraction and expansion biases based on recent experimental results documenting both biases in dinucleotide microsatellites (Baptiste et al. 2013) . Specifically, we modeled contraction bias as in Haasl and Payseur (2013) with contraction parameter c = 0.005 and incorporated recent empirical results regarding expansion bias in dinucleotides (Baptiste et al. 2013 ) by enforcing a 60% chance of expansion for repeat lengths >11 and <20. Matching the most parsimonious interpretation of the observed data, we assumed that the most recent common ancestor of the primate phylogeny already possessed a repeat length of seven. We performed one million simulations each for three different mutation curves ( Fig.  1 ; high, medium, and low mutation). The curve corresponding to high mutational pressure (navy) tracks a recent pedigree-based estimate of length-dependent dinucleotide mutation rate based on a sample of >85,000 humans (Sun et al. 2012) . Despite labeling this the "high" mutation rate model, we note that this is the best empirical estimate of mutation rate available for arbitrary dinucleotides in human. However, because we were concerned with the possibility that very low mutation rates may explain the 18 dinculeotides in question, the other two mutation rate models assume considerably lower mutation rates than that of the best empirical estimate. In each of the one millions simulations, we assumed the phylogeny and point estimates of divergence times in Chatterjee et al. (2009) . 0.009, 0.002, and 0% of simulated datasets for the high, medium, and low mutation models, respectively, were monomorphic. In all cases, however, the monomorphic allele had a repeat length <5. In other words, for a variety of mutational profiles, simulations of neutral evolution categorically failed to recapitulate the observed characteristics of the observed data: monomorphic loci with repeat length greater than or equal to six on all human and primate chromosomes. Perhaps counterintuitively, our simulations also suggest that high mutation rates generate monomorphic datasets with slightly greater frequency. This is likely because over the large time period simulated, the greater total number of mutations generated at loci with high mutation rates increases the chance that repeat length will eventually wander to very short lengths where appreciable mutability is lost. In other words, while high mutation rate increases variance at existing microsatellite loci, it also decreases the duration of the birth-to-death period of a microsatellite on average. In general, then, abnormally low mutation rates are unlikely to account for the lack of variation at long exonic dinucleotides.
The posited purifying selection at the dinucleotides analyzed here is essentially a form of background selection (Charlesworth et al. 1993) : recurrent removal of deleterious variants. Long-term background selection should cause local loss of linked genetic diversity near each dinucleotide. This may produce two detectable patterns of genetic variation. First, we might expect elevated F ST between two human populations near long exonic dinucleotides. This pattern is expected because purifying selection on frameshifting dinucleotide variants will randomly cause distinct linked alleles to rise in frequency in different populations. Second, we expect the ratio of polymorphism to divergence to decrease near the targeted dinucleotide; polymorphism decreases because neutral variants linked to deleterious dinucleotide alleles are lost, while the comparison to a measure of divergence normalizes the measure of polymorphism. To assess these patterns, we examined a 50,000-bp sequence (25,000 bp upstream and 25,000 bp downstream) flanking each dinucleotide. Using 1000 Genomes variant call data for the LWK and YRI populations, we calculated
, where π is the average number of pairwise differences between or within a sample of 25 chromosomes from each focal population. We calculated F ST for windows of 2000 bp and a step size of 100 bp. For the same windows, we measured polymorphism as π in the YRI population and divergence as 1 minus fractional sequence identity between the human and chimpanzee reference sequences. At many of the 18 dinucleotides, these measures produced ambiguous results. However, several loci clearly show the expected patterns, including HMGXB4 (Fig. 2 B-C) . Additionally, FGFRL1 is found very near the bottom of a dramatic decline in the polymorphism-to-divergence ratio (Fig. 2 D) .
Of the 18 human loci in question, 16 have a repeat length of seven and one has a repeat length of eight. This suggests that the mutational load introduced by exonic dinucleotides becomes too extreme to support when repeat length exceeds seven or eight. Yet the remaining CA-repeat in fibroblast growth factor receptorlike 1 (FGFRL1) has a repeat length of 10 on all 400 sampled human chromosomes and in all primates. Thus, microsatellite FGFRL1 CA is an outlier among outliers. Interestingly, a CA 7 → CA 10 mutation (6 bp) would not result in a frameshift. This might partially explain the conspicuous jump between the relative abundance of 7× repeats and the repeat length of 10 observed at FGFRL1 CA . However, the CA 10 allele should have an appreciably higher mutation rate than a CA 7 allele. The lengths of all other exonic dinucleotides in the human genome certainly suggest that 10 should be an untenable repeat length for an exonic dinucleotide. Therefore, maintenance of this 10× repeat likely entails stronger purifying selection.
The FGFRL1 CA repeat is embedded within a sequence that consists of a 19× CA repeat with just three imperfections. Thus, it is plausible that point mutation has trimmed this repeat to a size that is less mutable. Of the other 18 repeats, none are such obvious candidates of progressive shortening. However, the AG dinucleotides in LUC7L2 and HMGXB4 are embedded in DNA strands that are unusually purine-rich. In particular, the HMGXB4 is part of a 55-bp sequence that only contains one pyrimidine. Sequences such as this may be fertile nuclei for the evolution of new (or longer) microsatellites via point mutation.
At the protein level, the amino acid sequence coded for by FGFRL1 CA is conserved at least to mouse (Fig. 2 A) . Unlike the four canonical fibroblast growth factor receptors, the intracellular domain of FGFRL1 is very short and characterized by a histidinerich sequence, much of which is coded for by FGFRL1 CA . In general, histidine-rich sequences facilitate the protein-protein interactions of cytoskeletal proteins, and, in the specific case of FGFRL1, this sequence possesses high affinity for zinc and nickel ions ). In addition, it was recently shown that a tandem tyrosine-based motif immediately adjacent to the sequence coded for by FGFRL1 CA binds the enzyme SHP-1, which activates the ERK1/2 signaling pathway (Silva et al. 2013) . The authors also showed that zinc binding of the histidinerich region modulated binding of SHP-1, which suggests that the tyrosine-based and histidine-rich sequences act together to regulate FGFRL1 signaling. It is plausible that a threshold number of histidine residues is necessary for adaptive biochemical function and that this allowed an expansion allele of FGFRL1 CA to rise in frequency. However, the retention of FGFRL1 CA as a perfect repeat in all sampled primates except orangutan and marmoset remains puzzling. Incorporation of synonymous point mutations within FGFRL1 CA would decrease mutation rate while retaining the histidine-rich motif. Recently, Rieckmann et al. (2009) documented an individual heterozygous for a +2 CA allele at FGFRL1 CA who presented with craniosynostosis, radio-ulnar cynostosis, and genital abnormalities. This demonstration of the potentially existential hazard posed by FGFRL1 CA makes the maintenance of a perfect repeat at FGFRL1 CA even more puzzling.
Given their genomic context, the selective constraints we propose for exonic dinucleotides should not be controversial. However, our quantification of the extreme improbability of the observed data at the 18 exonic dinucleotides documented here begs the question, do the genes that harbor these loci share notable similarities? Using GO Term Finder (Boyle et al. 2004) , we found an enrichment for the gene ontology term "mRNA processing" in four of 16 genes (25% versus the genomic frequency of 1.3%; corrected P-value = 0.006; WDR64 and CCDC30 not included in analysis because they are not annotated for GO terms). Although statistically significant, this result does not even include a majority of the 18 anomalous loci. Next, we calculated overall ω = dN/dS ratios for each of the 18 dinucleotide-containing genes in PAML using amino acid sequences (Yang 2007) . ω quantifies the ratio of nonsynonymous to synonymous nucleotide substitutions between species. Values greater than one suggest positive natural selection, whereas values less than one suggest purifying natural selection. We assumed one value of ω for all branches and sites and used cDNA sequences for each of the genes from human, chimpanzee, gorilla, gibbon, rhesus macaque, baboon, marmoset, squirrel monkey (Samiri boliviensis), and galago (Otolemur garnettii); accession numbers are listed in Table S2 . All estimated values of ω were <1, suggestive of purifying selection in all cases; specific values ranged from 0.005 (IK) through 0.718 (MKI67; Table S1). However, there is not a singular pattern among the loci (e.g., they are not uniformly close to zero) and most genes across the genome yield ω < 1.
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One similarity that does exist among the loci is that 13 of the 18 dinucleotides code for arginine-glutamic acid (RE) dipeptides. The exceptions are three loci, including FGFRL1 CA , that code for HT dipeptides, and two microsatellites that code for a CV (WDR64) and AR (NAGPA) dipeptide. Although enrichment for RE dipeptides among the 18 loci is intriguing, it is difficult to ascribe biological significance to this enrichment. RE dipeptides have been implicated in protein-protein interactions (Yanagisawa et al. 2000) , but the human gene RERE named for its abundance of RE dipeptides does not use exonic dinucleotides to code for them. In other words, it is not necessary to use perfect CT or AG repeats to code for RE dipeptides.
As demonstrated here, long exonic dinucleotides are exceedingly rare in primate genomes due to mutation-based selective constraints. Those that do exist show remarkably low levels of polymorphism and divergence despite tens of millions of years of primate evolution. Moreover, lack of similarity among these loci in terms of biological function suggests that their long-standing existence is a product of chance more than anything else. It seems likely that rare three-step mutations-for example, from a 4× to a 7× repeat-were responsible for the initial production of expanded alleles, as these mutations would not incur frameshifts. Under specific circumstances, such as a population bottleneck, it is possible that the longer allele might then rise to fixation. The long allele might also offer some adaptive value that outweighs the increased mutational load associated with the increase in repeat length. In this way, a long exonic dinucleotide may become fixed at its current size for long stretches of evolutionary time. Although these conjectures are plausible, it remains unclear why a majority of the loci detailed in Table 1 have not fixed for synonymous point mutations in any of the sampled primates. Such mutations would reduce mutational load associated with a highly mutable microsatellite, yet have no effect on any selective advantage afforded by the current amino acid sequence. In what is otherwise a clear story of selective constraint, the conservation of these few hazardous perfect repeats remains a curious observation.
